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ABSTRACT
Biomechanical Comparison of a Rounded Outsole Shoe and Traditional
Outsole Shoe
by
Sarah Elizabeth Horsch
Dr. Janet S. Dufek, Examination Committee Chair
Associate Professor of Kinesiology and Nutrition Sciences
University of Nevada, Las Vegas
The purpose of the study was to determine the effects of shoe outsole design
on maximum vertical acceleration and select kinematic parameters during level
and uphill walking across phases of stance. Twelve participants, 7 males
(75.1±9.3 kg, 173.6±3.6 cm, 22.9±3.5 yrs) and 5 females (56.5±5.1 kg, 158.3±4.5
cm, 25.4±11.1 yrs) granted written consent and preferred walking speed was
determined. An accelerometer (480 Hz) was attached to the distal leg to measure
maximum leg acceleration (Aleg) and an electrogoniometer (480 Hz) was placed
on the back to measure sagittal lumbar motion (LumbarROM). Sagittal video
capture (60 Hz) included thigh range of motion (ThighROM), knee range of motion
(KneeROM) and ankle range of motion (AnkleROM). Participants walked on a
treadmill in each of four randomized conditions: 1) Rounded outsole shoe (ROS)
at 0% incline, 2) Traditional outsole shoe (TOS) at 0% incline, 3) ROS at 5%
incline and 4) TOS at 5% incline. Participants walked at 10% greater than
preferred pace. Data were obtained from five consecutive gait cycles. For each
gait cycle, stance was normalized to 100%. Stance phase was further divided into
Phase I, II, and III. Data analysis included a 2 (shoe) x 2 (incline) repeated
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measure ANOVA (α=0.05) for ALEG, LumbarROM, ThighROM, KneeROM, and
AnkleROM at each phase of stance (Phase I, II, and III). Post hoc paired t-Tests
were performed for significant interaction. Results show seven of the fifteen
dependent variables for shoe differed significantly (p<0.05) across grade. Four of
the fifteen dependent variables for grade differed significantly (p<0.05) across
shoe. There was a significant interaction between shoe and grade for KneeROM
during Phase II. Post hoc t-Tests revealed significantly lesser KneeROM for TOS
(10.39 ± 4.45°) compared to ROS (11.76 ± 4.09°) at 5% incline (t=3.296, p=.007)
and significantly lesser KneeROM between 0% (12.97 ± 5.73°) and 5%(10.39 ±
4.45°) incline for TOS (t=2.226, p=.048). It was anticipated that there would be
kinematic differences between incline conditions. Overall, ROS was not different
from TOS in sagittal lumbar kinematics. Differences between footwear types
included significantly greater ThighROM for TOS compared to ROS during Phase I.
Also, there was significantly lesser ALEG in TOS compared to ROS, significantly
lesser KneeROM in TOS compared to ROS at 5% incline only, and significantly
greater AnkleROM for TOS compared to ROS during Phase II. In Phase III, only
AnkleROM was significantly greater for TOS compared to ROS. It appears that
during Phase II, the first half of single leg stance, is where the majority of
differences occur due to apex of ROS.
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CHAPTER 1

INTRODUCTION
It has been hypothesized that exercising or walking on an unstable surface
stimulates infrequently recruited muscles to improve coordination patterns of the
central nervous system (Buchecker, Pfusterschmied, Moser, & Müller, 2012),
resulting in improved muscle tone, prevention/alleviation of pain, or reduction of
specific joint loads (Federolf & Nigg, 2012). Thus, rounded outsole shoes have
been designed and marketed to simulate such an unstable surface. Yet, there
have been mixed scientific conclusions on rounded outsole shoe functionality.
To help understand how a rounded outsole shoe truly interacts with the human
body, many biomechanical studies have been completed comparing rounded
outsole shoes to traditional outsole shoes. These studies include muscle activity
during quiet stance (Buchecker et al., 2012), treadmill walking (Santo, Roper,
Dufek, & Mercer, 2012), lower extremity kinematics (Landry, Nigg, & Tecante,
2012), and kinetics (Hömme, Hennig, Müller, & Ninck, 2012). The results of each
study are inconsistent on the proposed benefits by the use of rounded outsole
shoes.
Presently, consumers have turned to purchasing rounded outsole shoes due
to manufacturer claims in hopes to alleviate joint pain, become more toned, and to
reduce joint maximum vertical acceleration. If this were the case, the rounded
outsole shoe would have an effect on kinematics and maximum vertical
acceleration characteristics during gait compared to a traditional outsole shoe.
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However, conclusions comparing these two outsole profiles are equivocal. To
date, all of the walking investigations have occurred on a level surface only.
Realistically, an individual will encounter an incline (or decline) frequently while
walking, yet there has not been research conducted comparing kinematics and
maximum vertical acceleration characteristics of a rounded outsole shoe and a
traditional outsole shoe while walking on an incline.
Purpose of the Study
The purpose of the study was to determine the effects of shoe outsole design
on maximum vertical acceleration and select kinematic parameters during level
and uphill walking across phases of stance.
Research Questions
Is there a difference in maximum leg acceleration (ALEG), lumbar range of
motion (LumbarROM), thigh range of motion (ThighROM), knee range of motion
(KneeROM), and ankle range of motion (AnkleROM) for ROS and TOS across 0%
and 5% incline walking during Phase I?
Is there a difference in ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM for
ROS and TOS across 0% and 5% incline walking during Phase II?
Is there a difference in ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM for
ROS and TOS across 0% and 5% incline walking during Phase III?
Is there a difference in ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM for
walking at 0% and 5% incline across TOS and ROS during Phase I?
Is there a difference in ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM for
walking at 0% and 5% incline across TOS and ROS during Phase II?
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Is there a difference in ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM for
walking at 0% and 5% incline across TOS and ROS during Phase III?
Is there an interaction for ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM
between incline (0% and 5%) and footwear (TOS and ROS) during Phase I?
Is there an interaction for ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM
between incline (0% and 5%) and footwear (TOS and ROS) during Phase II?
Is there an interaction for ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM
between incline (0% and 5%) and footwear (TOS and ROS) during Phase III?
Significance of the Study
Presently, there is no research comparing a ROS and a TOS at a 0% and a
5% incline. The significance of this study is to expand the current body of
literature relative to the biomechanical/functional understanding of a ROS. This
study will provide empirical data that lends insight to kinematic and maximum
vertical acceleration characteristic differences between a TOS and ROS while
walking at 5% incline.
Statistical Hypotheses
The null hypothesis for ROS and TOS across 0% and 5% incline during Phase
I was that there would be no difference in ALEG, LumbarROM, ThighROM, KneeROM,
and AnkleROM. The alternate hypothesis was that there would be a difference in
ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM for ROS and TOS across 0%
and 5% incline during Phase I.
The null hypothesis for ROS and TOS across 0% and 5% incline during Phase
II was that there would be no difference in ALEG, LumbarROM, ThighROM, KneeROM,
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and AnkleROM. The alternate hypothesis was that there would be a difference in
ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM for ROS and TOS across 0%
and 5% incline during Phase II.
The null hypothesis for ROS and TOS across 0% and 5% incline during Phase
III was that there would be no difference in ALEG, LumbarROM, ThighROM, KneeROM,
and AnkleROM. The alternate hypothesis was that there would be a difference in
ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM for ROS and TOS across 0%
and 5% incline during Phase III.
The null hypothesis for 0% and 5% incline across TOS and ROS during Phase
I was that there would be no difference in ALEG, LumbarROM, ThighROM, KneeROM,
and AnkleROM. The alternate hypothesis was that there would be a difference in
ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM for 0% and 5% incline across
TOS and ROS during Phase I.
The null hypothesis for 0% and 5% incline across TOS and ROS during Phase
II was that there would be no difference in ALEG, LumbarROM, ThighROM, KneeROM,
and AnkleROM. The alternate hypothesis was that there would be a difference in
ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM for 0% and 5% incline across
TOS and ROS during Phase II.
The null hypothesis for 0% and 5% incline across TOS and ROS during Phase
III was that there would be no difference in ALEG, LumbarROM, ThighROM, KneeROM,
and AnkleROM. The alternate hypothesis was that there would be a difference in
ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM for 0% and 5% incline across
TOS and ROS during Phase III.
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The null hypothesis was that there would be no interaction for ALEG,
LumbarROM, ThighROM, KneeROM, and AnkleROM between incline (0% and 5%) and
footwear (TOS and ROS) during Phase I. The alternate hypothesis was that there
would be interaction between incline (0% and 5%) and footwear (TOS and ROS)
for ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM at Phase I.
The null hypothesis was that there would be no interaction for ALEG,
LumbarROM, ThighROM, KneeROM, and AnkleROM between incline (0% and 5%) and
footwear (TOS and ROS) during Phase II. The alternate hypothesis was that there
would be interaction between incline (0% and 5%) and footwear (TOS and ROS)
for ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM at Phase II.
The null hypothesis was that there would be no interaction for ALEG,
LumbarROM, ThighROM, KneeROM, and AnkleROM between incline (0% and 5%) and
footwear (TOS and ROS) during Phase III. The alternate hypothesis was that
there would be interaction between incline (0% and 5%) and footwear (TOS and
ROS) for ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM at Phase III.
Limitations/Delimitations
1) There were no participant restrictions on experience wearing ROS.
2) Subjects were asked to walk at 10% greater than preferred walking pace
whereas other results could be observed at different walking paces.
3) Only one brand of ROS and one brand of TOS were included.
4) Only vertical leg acceleration was measured and other directional components
results may have been affected.
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5) Subjects were only tested at a single incline level of 5% and different results
may have been observed at other inclines.
6) A treadmill was used for walking; different results may have been observed
while walking in these footwear types over ground.
Definition of Terms
The following definitions are given for the purpose of clarification:
Rounded Outsole shoe (ROS): I-ROC brand shoe with posterior to anterior
curvature, mass 540.5 ± 93.8 grams, apex of 4.3 ± 0.2 cm and at 68% of shoe
length is where the apex occurs (mean ± standard deviation).
Apex: Displacement from top of insole to base of apex measured in centimeters.
Traditional Outsole Shoe (TOS): Addidas Adiprene brand shoe with mass 304.6
± 42.0 grams (mean ± standard deviation).
Gait cycle: First contact of one foot (0%) to next contact of the same foot (100%),
or one stride (Perry & Burnfield, 2010).
Loading response (LR): Weight acceptance onto the outstretched limb and
continues until the contralateral limb is lifted for swing. Critical objectives in this
phase include shock absorption, weight-bearing stability, and preservation of
progression. Loading response is defined from 0-12% of one entire gait cycle
(Perry & Burnfield, 2010).
Midstance (MSt): The first half of single leg support. It begins as the non-weight
bearing limb is lifted and continues until the body weight is aligned over the
forefoot. Critical objectives in this phase include progression over the stationary
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foot and limb/trunk stability. Midstance is defined as 12-31% of one entire gait
cycle (Perry & Burnfield, 2010).
Terminal stance (TSt): The second half of single leg support that begins with
heel rise and continues until the other foot makes ground contact. Critical
objectives of this phase include progression of the body beyond the supporting
foot and limb/trunk stability. Terminal stance is defined as 31-50% of one entire
gait cycle (Perry & Burnfield, 2010).
Stance phase: First contact of one foot to toe off of same foot, or one step (Perry
& Burnfield, 2010).
Phase I: Adapted from LR, 0-12% multiplied by the factor created from stance
phase being normalized to 100% from gait cycle.
Phase II: Adapted from MSt, 12-31% multiplied by the factor created from stance
phase being normalized to 100% from gait cycle.
Phase III: Adapted from TSt, 31-50% multiplied by the factor created from stance
phase being normalized to 100% from gait cycle.
Range of motion (ROM): Maximum angle minus the minimum angle across an
entire phase.
Lumbar range of motion (LumbarROM): Sagittal plane range of motion (degrees)
of the lumbar spine.
Thigh range of motion (ThighROM): Sagittal thigh segment range of motion
(degrees) relative to horizontal, an absolute angle.
Knee range of motion (KneeROM): Sagittal plane range of motion of the knee
(degrees); relative angle between the thigh segment and the lower leg segment.
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Angle range of motion (AnkleROM): Sagittal plane range of motion (degrees) of
the ankle; relative angle between the lower leg segment and the foot segment.
Maximum leg maximum vertical acceleration (ALEG): Maximum vertical leg
acceleration (g) value as measured from the distal end of the tibia shaft.
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CHAPTER 2

REVIEW OF RELATED LITERATURE
Kinematics and Maximum Vertical Acceleration of Normal Gait
Walking may be simply stated as the translation of the body from one point to
another, however walking can be described in terms of kinematics, kinetics and
maximum vertical acceleration characteristics (Saunders, Inman, & Eberhart,
1953). Saunders et al., (1953) points out that even though walking seems very
intuitive and simple in purpose, it is a complex movement that needs in-depth
explanation of how the body moves and the forces that cause the movement.
Thus, a review of normal walking will be provided.
Walking is a cyclical pattern of alternating lower extremity support and swing.
Since gait is a cyclical pattern, it is essential to discuss gait as a functional unit so
that comparisons can be made to the literature. The functional unit of gait is a gait
cycle, which is first contact of one foot (0%) to next contact of the same foot
(100%) (Perry & Burnfield, 2010). Walking is comprised of two basic components,
stance phase and swing phase (Hamill & Knutzen, 2009; Kadaba, Ramakrishnan,
& Wootten, 1990; Floyd, 2009; Uustal & Baerga, 2004). Within each phase there
are several sub phases. Stance phase can be divided into initial contact (IC),
loading response (LR), midstance (MSt), and terminal stance (TSt) (Perry et al.,
2010).
For the purpose of this study, only phases related to weight acceptance and
single leg support of the stance phase were examined. Normal sagittal ranges of
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motion (ROM) for the joints of the lower extremity (hip, knee, and ankle) have
been established for each phase of gait (Table 1) (Hamill et al., 2009; Perry et al.,
2010). Saunders et al. (1953) argued that one of the defining movements of gait
was pelvic tilt. At IC, the pelvis is put into slight anterior pelvic tilt and through LR
until MSt when the pelvis returns to neutral and is forced into slight anterior tilt
once again for foot contact of the contralateral foot at TSt (Saunders et al., 1953).
Pelvic tilt and sagittal kinematics of the lumbar spine are closely related. Lee &
Hidler (2008) found that total lumbar range of motion for an entire gait cycle to be
4.45 degrees.

Table 1. Average Lower Extremity Joint ROM at Phases of Gait Cycle.
LR
MSt
TSt
Hip

~10°

~20°

10°

Knee

10°

~5°

~30°

Ankle

10°

5°

~20°

In addition to kinematics a review of kinetics and maximum vertical
accelerations of normal gait are provided. The maximum vertical ground reaction
force is expected to be about 1-1.2 body weights (Hamill et al., 2009) for normal
gait. There exists, in normal walking, a second vertical ground reaction force
approximately equal in magnitude that occurs as one is pushing off of the ground
(Hamill et al., 2009). Since vertical ground reaction forces were not directly
measured in the current study, maximum vertical acceleration inferences will be
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made via an accelerometer attached to the leg. Lafortune (1991) found that
average peak vertical leg accelerations while wearing a traditional outsole shoe
during treadmill walking at 1.5m/s to be 1.71 ± 0.09g’s.
Incline Gait
The enthusiasm for understanding walking biomechanics on an incline has
increased over the last several years mainly due to the realism that most
individuals encounter some sort of incline during walking. According to the
Americans with Disabilities Act (2010), medical care facilities, social service
center establishments, housing at a place of education, assembly areas, facilities
with residential dwelling units for sale to individual owners, detention and
correctional facilities, state and local government facilities, public
accommodations and commercial facilities are required to have incline ramps in
order to be handicap accessible. This means the likelihood of an individual
walking only on a level surface would be highly unlikely. Not to mention the
natural landscape includes, but is not limited to, level and varying inclined
surfaces.
The main difference between walking on a level surface and walking on an
incline is the constraint to raise the body’s center of mass vertically. Therefore, it
is logical to assume that lower extremity kinematics of incline walking would be
altered from normal gait because of the work requirements associated with the
inclined task. The literature identifies kinematic and kinetic comparisons for these
two forms of walking.
McIntosh, Beatty, Dwan, and Vickers (2006) indicated that the main
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differences between walking on incline angles were hip flexion at IC, knee flexion
at IC, maximum knee flexion in IC and LR, a more dorsiflexed ankle throughout
the entire stance phase and more plantar flexed during toe off at 10° compared to
0°. Specifically, hip flexion at IC increased from 25° while walking at 0° incline to
58° at 10° incline (McIntosh et al., 2006). Knee flexion at IC increased from 7° to
33° while walking at 0° compared to 10° incline respectively, and maximum knee
flexion in early stance increased from 19° at 0° incline to 41° at 10° incline
(McIntosh et al., 2006). McIntosh et al. (2006) also noted a trend in an increased
pelvic tilt as incline increased from 0° to 1°, 5°, 8°, and 10°. McIntosh et al., (2006)
explains the pattern of pelvic tilt to be related to trunk motion to maintain forward
momentum by positioning the body’s center of mass more anteriorly within the
base of support as the incline angle is increased. The body’s tendency to move
the center of mass more anteriorly while walking on an incline may influence
sagittal lumbar spine motion.
Although there seems to be a trend in increased anterior pelvic tilt related to
trunk motion with an increase of incline (McIntosh et al., 2006), it is also important
to note that Vogt and Banzer, (1999) discovered that sagittal pelvis ROM was not
significantly different from 0% to 10% incline walking. This finding suggests that
pelvic ROM related to lumbar motion while walking on an incline is relative to
pelvic ROM related to lumbar motion while walking on a level surface. These
findings together are important to the current investigation because it can be
expected to find increased anterior pelvic tilt in the manifestation of lumbar flexion
at an incline in both ROS and TOS unless outsole design causes a different

12

effect.
Kang, Chaloupka, Mastrangelo, and Hoffman (2002) studied incline gait
kinematics by gender and found no differences in hip flexion, hip extension, and
knee flexion between men and women. As treadmill gradient increased, hip
flexion increased, similar to McIntosh et al. (2006). However, no difference in knee
flexion was observed among the 0°, 5°, 10° and 15° treadmill gradients in either
men or women which was not observed by McIntosh et al. (2006). One possible
explanation may the surface because McIntosh et al. (2006), participants walked
on an inclined walkway while in Kang et al. (2002), the participants walked on an
inclined treadmill. Nonetheless, it should be noted that men and women adopted
similar strategies while walking on an inclined treadmill. Therefore, gender within
a test group should not influence the results of an inclined walking study.
McIntosh et al. (2006), also measured vertical ground reaction forces by
means of a force platform imbedded in an adjustable incline walkway. Their
results indicated that there was no difference in vertical ground reaction force
profiles for 0° and 5° incline, yet, there was a significantly greater vertical ground
reaction force for the first and second peak at 8° and 10° incline compared to 0°.
Even though previous studies have examined inclination angles up to 15°, the
standardization of inclinations based on legal (ADA) requirements for slope angles
have ranged from 3° to 6° degrees (Han, Kwon, Park, Koo, & Nam, 2009).
Therefore, a 5% walking grade is a reasonable choice because it falls within this
range for practicality (ADA) and it has been used in previous studies (Han et al.,
2009; Vogt et al., 1999). A 5% treadmill incline is equivalent to 3° incline, 1°
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incline is equal to 1.67% incline on a treadmill. In addition, it strengthens the
validity of the experiment because if differences in maximum vertical acceleration
characteristics are found, it can be determined it was due to the particular shoe
interacting with the incline rather than the incline itself. This is important when
trying to find differences between two footwear types. Replication of the 5%
incline while evaluating maximum vertical acceleration characteristics during the
phases of stance is also novel to the literature and will provide additional insight.
Rounded Outsole Shoes
The purpose of footwear design is to dissipate kinetic energy while being
adaptable to accommodate the environment and the potential task constraints for
which it was made (Palmer, Emmerik, & Hamill 2012). A ROS is designed with a
modified outsole construction to mimic an uneven walking surface that would
require additional postural control. Buchecker et al. (2012) explains that the
concept of ROS derived from exercising on unstable surfaces. Exercising on an
unstable surface is thought to recruit more postural muscles that are used
infrequently and improve coordination patterns of the central nervous system
associated with postural monitoring (Buchecker et al., 2012). Thus, improved
muscle toning, reduction of joint loads, pain alleviation and prevention have been
theorized to relate to increased postural monitoring (Federolf et al., 2012). Several
researchers have dedicated their studies to find measurable explanations to the
theorized ROS claims.
Recent ROS studies have included analyses on bipedal stance (Buchecker et
al., 2012), single leg standing (Germano, Schlee, & Milani, 2012), muscle activity
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during treadmill walking (Santo et al., 2012), kinetics during over ground walking
(Hömme et al., 2012), and kinematics after a 6-week accommodation period
(Landry et al., 2012). Each study is purposeful and related to understanding the
ROS during different tasks.
Buchecker et al. (2012) compared three different ROS types (M1, M2, & M3)
with increasing levels of anterior and posterior, and medial and lateral instability
outsole design respectively against a control shoe (CS). Mean velocity of center of
pressure (CoP) displacement, perception of instability and root mean square
(RMS) electromyography (EMG) for the tibialis anterior (TA), peroneus longus
(PL), gastrocnemius (GM), vastus lateralis (VL), and biceps femoris (BF) activity
were recorded during bipedal stance. Results indicated that there was an
increased mean velocity CoP displacement for all three ROS types compared to
CS, and increased mean velocity CoP displacement related to intentional
instability design (M1, M2, M3 ranked least instable to most instable). Perception
of instability was also directly proportional to shoe model (Buchecker et al., 2012).
However, even though mean velocity CoP displacement increased with instability
of ROS, increasing instability did not mean increased muscle activity data. Only
the M3 shoe increased TA, PL, and VL activity during a bipedal stance compared
to the CS. TA activity increased from M1 to M3, and VL increased for M2
compared to CS, but M1 was not different than CS.
The importance of this study is that ROS increased mean velocity CoP
displacement, also known as sway, which is an indicator of CNS response to
instability (Winter, Patla, & Frank, 1990). It is also important to understand that not
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all ROS types are created equally, so research should be performed on each
specific ROS design.
Muscle activity in ROS has been studied in a variety of ways. Santo et al.
(2012) compared average electromyography (AVG EMG) at the beginning, middle
and end of a ten-minute treadmill walk between flat-bottomed shoe, flat-bottomed
shoe with matched weight, and ROS. Germano et al. (2012) also did an EMG
study on ROS and they compared root mean square (RMS) EMG between four
different ROS types, a flat-bottomed shoe and a barefoot condition during single
leg stance.
Germano et al. (2012) found no difference in EMG activity for tibialis anterior
(TA), medial gastrocnemius (MG), lateral gastrocnemius (LG), vastus medialis
(VM), vastus lateralis (VL), rectus femoris (RF), biceps femoris (BF) and gluteus
maximus (GM). Santo et al. (2012), also found little difference between shoe
conditions for treadmill walking, only TA AVG and RMS EMG was lower for ROS
compared to the flat-bottomed shoe and the flat-bottomed of shoe with matched
weight (p<0.05). Despite the difference in outsole design between ROS and TOS,
muscle activity in the lower extremity appears to be similar across footwear type,
except in the TA. Although, the ROS design did not largely influence lower
extremity EMG activity, the design may affect lower extremity kinematics.
Landry et al. (2012) studied kinematic changes at the hip, knee, and ankle for
a control shoe and a ROS before and after wearing a ROS shoe for a 6-week
accommodation period. Ankle, knee, and hip sagittal kinematics were evaluated
during stance and no hip angle differences were found between the control shoe
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and ROS, for both the pre- and post-accommodation testing sessions (Landry et
al., 2012). However trends for ROS included greater overall knee flexion angle
throughout majority of stance and greater dorsiflexion angle during early stance
and reduced dorsiflexion angle during late stance compared to the control shoe
(Landry et al., 2012) were observed. To supplement this trend, Stöggl and Müller
(2012) found that a 10-week training adaptation of wearing a ROS led to an
increase in mean knee flexion velocity from pre- to post-test, which might be
attributed to a greater knee flexion range of motion. Currently, it is accepted that
by using a greater knee flexion, maximum vertical acceleration forces can be
better attenuated during weight bearing activities (Decker, Torry, Wyland, Sterrett,
& Steadman, 2003). Determination of whether this is the reason for greater knee
flexion range of motion can only be explained by a kinetic and maximum vertical
acceleration investigation.
Hömme et al. (2012) investigated a control shoe, an anterior-posterior (AP)
ROS and medial-lateral (ML) ROS while walking over ground at 1.6 ± 3% m/s.
Results showed reduced values for the time to maximum vertical force for AP
ROS compared to the other two shoes (Control shoe p<0.01, ML ROS p<0.01)
and trended to have higher maximum vertical force peaks than the control shoe
and ML ROS (Hömme et al., 2012). Yet, no statistical significance was found for
maximum tibial acceleration and time to peak acceleration in any of the three
shoe conditions (Hömme et al., 2012) while walking over ground.
Hömme et al. (2012) rationalized that the high values of maximum vertical
force peak for the AP ROS in conjunction with the low time to the maximum
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vertical force peak values could have been related to increased ankle dorsiflexion
at foot contact rather than the thickness of the AP ROS midsole material. Further
investigation of maximum vertical acceleration characteristics throughout phases
of stance may be necessary to explain the differences between AP ROS and
other footwear types.
Summary
In summary, kinematics (Table 1) and maximum vertical acceleration (1.71 ±
0.09g’s) values for normal gait have been established in the literature. Also,
kinematic and kinetics for walking on several different inclines in a TOS have
been studied. The walking incline literature shows that kinematic differences exist
between 0% and other inclines for specific phases of gait. Finally, the ROS
literature addresses the differences and similarities between ROS and TOS, yet
not all environments in which the ROS is worn have been studied.
Aforementioned literature describes that inclines are everywhere in an individual’s
environment, yet there has not been a study looking at specific maximum vertical
acceleration characteristics and kinematic parameters to investigate how footwear
and incline interact. Thus, the purpose of the present study was to determine the
effects of shoe outsole design on maximum vertical acceleration and select
kinematic parameters during level and uphill walking across phases of stance.
Specifically, stance was divided into three phases during treadmill walking and
was evaluated between and across footwear and incline conditions.
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CHAPTER 3

METHODS
Subject Characteristics
The purpose of the study was to determine the effects of shoe outsole design
on maximum vertical acceleration and select kinematic parameters during level
and uphill walking across phases of stance. To accomplish this, twelve
participants, 7 males (75.1±9.3 kg, 173.6±3.6 cm, 22.9±3.5 yrs) and 5 females
(56.5±5.1 kg, 158.3±4.5 cm, 25.4±11.1 yrs) were recruited from the greater Las
Vegas area by word of mouth. Participant inclusion criteria contained apparently
healthy adults age 18-55 years, that had no injury in the last six months that
interfered with their ability to walk unassisted for up to 35 minutes intermittently, fit
comfortably into both shoes provided and were not pregnant. Participants granted
institutionally approved written consent before volunteering (Appendix 1).
Instrumentation
Footwear
Two shoe models were used in this study; one rounded outsole shoe (ROS)
(Figure 1) and one traditional outsole shoe (TOS) (Figure 2). The ROS is
classified as a posterior to anterior curvature outsole, and are designed and
marketed to relieve foot, leg, and back pain. The TOS are designed and marketed
as having a highly shock absorbent material that will cushion and protect the heel
at maximum vertical acceleration.
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Figure 1.

ROS Sagittal View (top) and Plantar Surface View (bottom).
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Figure 2.

TOS Sagittal View (top) and Plantar Surface View (bottom).
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Two Dimensional Motion Capture
A Basler Scout camera (model scA640-120gm; Exton, PA) was used to
capture two-dimensional sagittal movement (60Hz) using MaxTRAQ software
(Innovisions Systems Inc. 2.2.2.5; Columbiaville, MI) during data collection. The
lower extremities were recorded while participants walked on a treadmill (Precor
C966; Woodinville, WA).
Accelerometer
An accelerometer (PCB Piezotronics Inc. 52456; Depaw, NY) was attached to
the distal part of the right tibia shaft to measure leg vertical accelerations (Figure
3). The small, lightweight instrument was attached to the leg with black rubber,
velcro strap.
Electrogoniometer
An electrogoniometer (Biometrics Ltd. SG150; Ladysmith, VA) was attached to
the lumbar spine with Leukotape P, sports tape, to measure lumbar flexion and
extension motion (Figure 3). Posterior iliac spine was used to find S1 of the spine
and palpation of iliac crests was used to find L4 vertebrae since they are
approximately at the same level (Starkey, Brown, & Ryan, 2010). From those two
guidelines, L1, L2, L3, L4, and L5 vertebrae were found for placement of the
electrogonimeter. Bioware (Kistler 4.0; Amherst, NY) software was used to
acquire data from the accelerometer and electrogoniometer (480Hz), which was
stored to a computer and retained for subsequent analysis.
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Figure 3.

Accelerometer (left) and Electrogonimeter (right) Placement

Procedure
Participants arrived at the UNLV biomechanics laboratory, where they first
read and signed an institutionally approved informed consent form and were given
a brief explanation of procedures. Each participant was fitted for a ROS and TOS
and an optional walking warm-up on the treadmill was offered prior to testing.
Once the participant was ready to begin, test walking speed was determined on
the treadmill in their own athletic footwear. Subjects self-selected a walking speed
that they felt comfortable with and preferred. The speed display on the treadmill
was hidden from the participant. Participants told the researcher to either
increase or decrease speed until the preferred walking speed was reached. The
preferred speed was recorded, the treadmill was stopped, and the process
repeated for a total of three times. The test walking speed was the average of the
three self-selected speeds plus 10%.
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Next, four high contrast markers were attached on the right side of the body on
the lateral distal third of the femur in line with the greater trochanter (thigh
marker), lateral estimated knee joint center (knee marker), lateral malleolus (ankle
marker), and the dorsal tip of each shoe (toe marker) for sagittal video capture
(60Hz). An accelerometer (480 Hz) was attached to the distal leg to measure
maximum vertical leg accelerations (ALEG) and an electrogoniometer (480 Hz) was
placed on the low back to measure sagittal lumbar range of motion (LumbarROM).
The participant was instructed to stand on the treadmill looking straight ahead with
arms at their side prior to starting the treadmill in order to zero the accelerometer
and electrogoniometer instruments.
Participants then walked on a treadmill in each four randomized conditions: 1)
ROS at 0% incline, 2) TOS at 0% incline, 3) ROS at 5% incline and 4) TOS at 5%
incline. The participant drew their order of conditions out of a bag. Participants
walked at 10% greater than preferred pace. After the participant walked for 1.5
minutes, 30 seconds of data were collected. A square wave was triggered by
hand in Bioware simultaneously displaying a light in the video capture to enable
synchronization of video, accelerometer and electrogoniometer data. After one
condition was collected, the time between the next condition was dependent on
the subject and the time it took to change footwear or notify the investigator that
they were ready to begin the next condition. Once all conditions were completed,
all the instruments were removed, the participant was asked if he or she had any
questions, and then the participant was thanked for volunteering.
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Data Analysis
After the data collection process was completed, each video record was
opened using MaxTRAQ position analysis software and the high contrast markers
were digitized. Three angles were defined from the four digitized points ThighROM
(absolute angle of thigh segment relative to horizontal), KneeROM (relative angle of
thigh and lower leg segments) and AnkleROM (relative angle of lower leg and foot
segment) were identified by manually in the first frame of every video (Figure 4).
The threshold tool was adjusted manually on an 8-bit scale so the markers were
well identified to minimize noise and or false markers. Then, the rest of the video
was auto digitized via “auto track” function, which tracks the identified markers for
remaining frames. Then video, accelerometer, and electrogoniometer data were
smoothed using a fourth order Butterworth low pass filter, cut off frequency 6Hz in
LabView (LabView 8.6, National Instruments; Austin, TX). The light from the
square wave was identified in each video and the square wave was identified in
Bioware to synchronize the video, accelerometer, and electrogoniometer data.
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Figure 4.

Digitized Angles: thigh (top), knee (middle), ankle (bottom).

From the data, five consecutive gait cycles for each condition-subject were
extracted. For each gait cycle, the percent of stance and swing phase were
recorded since it was anticipated footwear, different treadmill velocities, and
incline would influence stance phase duration. Stance phase was then normalized
to 100% and was further divided into three phases for analysis: Phase I, Phase II,
and Phase III.
Phase I was adapted from LR (0-12% of an entire 100% gait cycle). Phase I
was determined by multiplying 0-12% by the factor created from stance phase
being normalized to 100% from one gait cycle. For example, if stance phase was
found to be 68% of one gait cycle (100%), 0-12% was multiplied by the factor of
1.5 (100/68), making Phase I 0-18% (0*1.5=0, 12*1.5=18) of stance phase.
Phase II was adapted from MSt (12-31% of entire 100% gait cycle). Phase II
was determined by multiplying 12-31% by the factor created from stance phase
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being normalized to 100% from one gait cycle. For example, if stance phase was
found to be 68% of one gait cycle (100%), 12-31% was multiplied by the factor of
1.5 (100/68), making Phase II 18-47% (12*1.5=18, 31*1.5=47) of stance phase.
Phase III was adapted from TSt (31-50% of entire 100% gait cycle). Phase III
was determined by multiplying 31-50% by the factor created from stance phase
being normalized to 100% from one gait cycle. Again, if stance phase was found
to be 68% of one gait cycle (100%), 31-50% was multiplied by the factor of 1.5
(100/68), making Phase II 47-75% (31*1.5=47, 50*1.5=75) of stance phase. This
method accounted for potential changes in stance phase duration relative to the
different walking shoes and incline conditions.
Dependent variables (ALEG, LumbarROM, ThighROM, KneeROM, and AnkleROM)
were analyzed in SPSS Statistics 20 software (IBM; Armonk, NY) using a 2 (shoe)
x 2 (incline) repeated measures analysis of variance (ANOVA) (α=0.05) for each
dependent variable at each phase of stance (Phase I, II, III). Post hoc paired tTests were performed for significant interactions.
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CHAPTER 4

RESULTS
The test walking speed was the average of the three self-selected speeds plus
10%, with the group averaging 1.2 ± 0.35 m·s-1. It was observed that stance (70%
± 0.03%) and swing (30% ± 0.03%) phases were similar between all shoe and
incline conditions (mean ± standard deviation).
Phase I
Mean and standard deviation values from ANOVA results for each kinematic
and maximum vertical acceleration dependent variable are presented in Table 2.
There was no significant difference observed for ALEG between shoe (F=0.26,
p=.875) or shoe*incline interaction (F=0.41, p=.843). There was significantly
lesser ALEG at 5% compared to 0% incline (F=13.299, p=.004, η2=0.547). There
was no significant difference observed for LumbarROM between shoe (F=1.000,
p=.339), incline (F=1.882, p=.197), or shoe*incline interaction (F=0.113, p=.772).
There was no significant difference observed for ThighROM between incline
(F=0.923, p=.357) or shoe*incline interaction (F=1.876, p=.198). There was a
significantly greater ThighROM for TOS compared to ROS (F=6.609, p=.026,
η2=0.375). There was no significant difference observed for KneeROM between
shoe (F=1.208, p=.295) or shoe*incline interaction (F=0.003, p=.958). There was
significantly lesser KneeROM at 5% compared to 0% incline (F=6.013, p=.032,
η2=0.353). There was no significant difference observed for AnkleROM between
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shoe (F=0.025, p=.877), incline (F=1.908, p=.195), or shoe*incline interaction
(F=0.446, p=.518).

Table 2.

Phase I Average and Standard Deviation Results
ROS 0%

TOS 0%

ROS 5%

TOS 5%

ALEG (g)

0.82 ± 0.22*

0.83 ± 0.23

0.72 ± 0.22*

0.72 ± 0.21

LumbarROM (°)

2.71 ± 1.91

2.39 ± 1.60

2.22 ± 1.34

2.03 ± 1.06

ThighROM (°)

4.15 ± 2.63

4.43 ± 2.95

4.38 ± 3.17

5.31 ± 3.51

KneeROM (°)

23.15 ± 6.32*

23.71 ± 7.79

17.97 ± 3.92*

18.60 ± 4.82

AnkleROM (°)

3.12 ± 1.88

3.18 ± 2.02

2.74 ± 1.31

2.61 ± 1.44

*ROS is significantly different between incline (p<0.05), bolded TOS significantly
different between incline (p<0.05),  0% incline is significantly different between
shoe (p<0.05), italicized 5% incline is significantly different between shoe (p<0.05)

Phase II
There was a significant shoe*incline interaction for KneeROM (F=5.506, p=.039,
η2=0.334). Significant interaction post hoc paired t-Tests were conducted to
determine the nature of the interaction (Figure 5). There was significantly lesser
KneeROM for TOS compared to ROS at 5% incline (t=3.296, p=.007) and
significantly lesser KneeROM between incline at TOS (t=2.226, p=.048).
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Figure 5.

Interaction.

Mean and standard deviation values from ANOVA results for each kinematic
and maximum vertical acceleration dependent variable are presented in Table 3.
There was significantly lesser ALEG for TOS compared to ROS (F=32.813, p<.001,
η2=0.749) and significantly lesser ALEG at 5% compared to 0% incline (F=17.261,
p=.002, η2=0.611). ALEG Shoe*incline interaction (F=2.820, p=.121) was not
significantly different. There was no significant difference observed for LumbarROM
between shoe (F=1.723, p=.216), incline (F=1.697, p=.219), or shoe*incline
interaction (F=3.132, p=.104). There was no significant difference observed for
ThighROM between shoe (F=0.637, p=.442) or shoe*incline interaction (F=1.325,
p=.274). There was significantly greater ThighROM at 5% compared to 0% incline
(F=10.453, p=.008, η2=0.487). There was no significant difference observed for
KneeROM between shoe (F=1.449, p=.254) and incline (F=3.290, p=.097). There
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was no significant difference observed for AnkleROM between incline (F=0.120,
p=.735), or shoe*incline interaction (F=1.229, p=.291). There was significantly
greater AnkleROM for TOS compared to ROS (F=17.755, p=.001, η2=0.617).

Table 3.

Phase II Average and Standard Deviation Results.
ROS 0%

TOS 0%

ROS 5%

TOS 5%

ALEG (g)

0.53 ± 0.14*

0.44 ± 0.12

0.48 ± 0.11*

0.32 ± 0.08

LumbarROM (°)

4.72 ± 3.55

3.82 ± 2.78

3.44 ± 2.32

3.42 ± 2.54

ThighROM (°)

12.52 ± 3.76*

12.55 ± 3.99

15.37 ± 4.51*

15.96 ± 5.04

KneeROM (°)

12.71 ± 4.77

12.97 ± 5.73

11.76 ± 4.09

10.39 ± 4.45

AnkleROM (°)

5.90 ± 2.03

7.96 ± 2.25

6.07 ± 1.63

7.51 ± 2.14

*ROS is significantly different between incline (p<0.05), bolded TOS significantly
different between incline (p<0.05),  0% incline is significantly different between
shoe (p<0.05), italicized 5% incline is significantly different between shoe (p<0.05)
Phase III
Mean and standard deviation values from ANOVA results for each kinematic
and maximum vertical acceleration dependent variable are presented in Table 2.
There was no significant difference observed for ALEG between shoe (F=1.621,
p=.229), incline (F=3.805, p=.077) or shoe*incline interaction (F=0.901, p=.363).
There was no significant difference observed for LumbarROM between shoe
(F=1.195, p=.298), incline (F=0,430, p=.525), or shoe*incline interaction (F=0.700,
p=.421). There was no significant difference observed for ThighROM between shoe
(F=0.009, p=.927) or shoe*incline interaction (F=0.096, p=.763). There was
significantly greater ThighROM at 5% compared to 0% incline (F=12.221, p=.005,
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η2=0.546). There was no significant difference observed for KneeROM between
shoe (F=2.946, p=.114) or shoe*incline interaction (F=0.033, p=.858). There was
significantly greater KneeROM at 5% compared to 0% incline (F=25.490, p<.001,
η2=0.699). There was significantly greater AnkleROM for TOS compared to ROS
(F=20.998 p=.001, η2=0.656) and significantly lesser AnkleROM at 5% compared to
0% incline (F=15.692, p=.002, η2=0.588). There was no significant shoe*incline
interaction (F=0.486, p=.500).

Table 4.

Phase III Average and Standard Deviation Results.
ROS 0%

TOS 0%

ROS 5%

TOS 5%

ALEG (g)

-0.003 ± 0.08

-0.02 ± 0.09

0.07 ± 0.18

0.004 ± 0.08

LumbarROM (°)

3.69 ± 2.33

3.43 ± 2.39

3.37 ± 1.82

3.35 ± 1.71

ThighROM (°)

19.57 ± 5.54*

19.47 ± 5.61

21.08 ± 5.15*

21.27 ± 5.74

KneeROM (°)

11.39 ± 6.25*

10.39 ± 5.65

13.89 ± 6.09*

13.15 ± 6.37

AnkleROM (°)

3.45 ± 1.24*

6.40 ± 2.23

2.72 ± 1.18*

5.23 ± 2.62

*ROS is significantly different between incline (p<0.05),	
  bolded TOS significantly
different between incline (p<0.05),  0% incline is significantly different between
shoe (p<0.05), italicized 5% incline is significantly different between shoe (p<0.05)
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CHAPTER 5

DISCUSSION
The purpose of the study was to determine the effects of shoe outsole design
on maximum vertical acceleration and select kinematic parameters during level
and uphill walking across phases of stance. Prior to testing, it was determined
that the TOS and ROS were visually and structurally different. The ROS has
posterior to anterior curvature, with an apex of 4.3 ± 0.2 cm at 68% of shoe
length from the toe and mass of 540.5 ± 93.8 grams, (mean ± standard
deviation). The TOS is a flat-bottomed shoe with a mass of 304.6 ± 42.0 grams
(mean ± standard deviation). This suggested that walking kinematics and
maximum vertical acceleration characteristics would be different between
footwear types.
Despite differences in shoe design, there was no significant difference for
ALEG during Phase I between shoe or shoe*incline interaction. There was a
significant decrease in ALEG at 5% compared to 0% incline. During Phase I of
stance, which is most responsible for shock absorption due to weight
acceptance, the current study results indicated that walking uphill at 5% incline
reduces maximum leg acceleration regardless of footwear. This suggests that
maximum vertical acceleration characteristics are reduced while walking uphill
and perhaps if one is walking for exercise on a treadmill, doing so at a slight
incline could reduce leg maximum vertical acceleration.
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For Phase II, related to the first half of single leg support, there was a
significantly lesser ALEG from ROS to TOS and decrease in ALEG from 0% to 5%
incline but shoe*incline interaction was not significant. These findings are
important because it shows that walking uphill reduces vertical leg acceleration in
both ROS and TOS compared to walking on level surface. However, the TOS
shoe had a reduced vertical leg acceleration compared to ROS at both 0%
incline and 5% incline suggesting that a TOS structurally made with a highly
shock absorbent material that cushions is better designed for reducing vertical
leg accelerations during the first part of single leg support.
During Phase III, there was no significant difference for ALEG between shoes,
incline or shoe*incline interaction. Phase III of stance related to the second half
of single leg stance as the support limb heel rises and the limb advances over
the forefoot. Results showed that vertical leg acceleration during Phase III was
unaffected by footwear or incline.
Leg maximum vertical acceleration is the rapid deceleration of the limb (Klute,
Kallfelz, & Czerniecki, 2001). It was expected that the added mass from the ROS
would result in an increase in leg maximum vertical acceleration in Phase I.
However, only in Phase II was it observed that ROS had a significantly greater
ALEG than TOS. Since the foot is already in contact with the ground at the
beginning of Phase II, the greater vertical leg accerations during progression
over the stationary foot could be related to greater stiffness of the ROS outsole
compared to the TOS outsole and not mass of the shoe. An explanation for these
results could be that ROS has a stiffer outsole. Another factor that may have
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influenced ALEG was velocity. However, since the walking velocity was controlled
and consistent within subjects, it is not a factor to consider. Mizrahi, Verbitsky,
Isakov and Daily (2000), concluded that lower extremity kinematic changes while
running were consistent with changes in leg accelerations. The purpose of their
study was to examine leg maximum vertical accelerations at foot strike and
changes in kinematic variables of the leg in the sagittal plane. Mizrahi et al.
(2000) observed that greater leg maximum vertical accelerations (6.9 ± 2.9g) to
(11.1 ± 4.2g) corresponded to reduced average knee flexion from (13.6 ± 6.3°) to
(8.1 ± 3.0°) and greater hip excursion position (5.1 ± 1.5cm) to (6.2 ± 1.2cm).
Their work alludes to the notion that certain kinematic strategies may also explain
differences in leg maximum vertical accelerations between shoes and inclines.
Kinematic changes during Phase I included no significant differences in
LumbarROM, significantly greater ThighROM from ROS to TOS at 0% and ROS to
TOS at 5% incline. There was significantly lesser KneeROM from 0% to 5% incline
and no observed significant differences in AnkleROM for any condition. The
kinematic results suggest that a lesser ALEG from 0% to 5% incline for both TOS
and ROS may be due to lesser KneeROM strategy since that was the only other
significantly different variable observed in Phase I. Typically, less KneeROM is
associated with a greater leg maximum vertical acceleration (Mirzrahi et al.,
2000). Also, TOS had significantly greater ThighROM at both 0% and 5% incline
compared to the ROS, which did not seem to have an effect on the ALEG since
ALEG was not different between shoes during Phase I.
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Kinematic changes during Phase II included no significant difference in
LumbarROM for any condition. There was significantly greater ThighROM from 0%
to 5% incline. There was significantly lesser KneeROM from ROS to TOS at 5%
incline and in KneeROM for TOS from 0% to 5% incline. There was significantly
greater AnkleROM for TOS compared to ROS at both 0% and 5% inclines. This
suggests that the observed reduction in ALEG from ROS to TOS at both inclines
was perhaps not due to KneeROM but rather due to AnkleROM. The TOS had a
lesser ALEG, and also greater AnkleROM at both 0% and 5% than ROS. This
implies that during the first half of single leg support, greater AnkleROM strategy
was used to decrease leg maximum vertical acceleration in a TOS. This finding
was not expected since the nature of the anterior-posterior rounded outsole shoe
is to facilitate progression over the support foot and in theory would cause
greater AnkleROM compared to a TOS.
There were no significant differences identified during Phase III of stance in
LumbarROM for any condition. However, ThighROM and KneeROM were significantly
greater from 0% to 5% incline. Finally, AnkleROM was significantly greater for TOS
compared to ROS and significantly lesser AnkleROM was observed from 0% to
5%. Therefore, interestingly, even though differences were observed between
incline (ThighROM, KneeROM, AnkleROM) and shoes (AnkleROM) these kinematics
differences did not have any effect on leg accelerations. This is contrary to what
Mizrahi et al. (2000) concluded about the relationship of kinematics and leg
accelerations.
Although it is expected that incline would cause kinematic changes (McIntosh
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et al., 2006), it is interesting to note that in the current study, there was no
difference in LumbarROM while walking on a level surface compared to a 5%
incline. This could be explained by Vogt et al. (1999) who indicated that the
phasic patterns in level walking are not different from that obtained for incline
walking. They further found that incline walking primarily influences the thoracic
region by increasing amplitude of axial rotations and not lumbar sagittal
movement (Vogt et al., 1999). It was thought that the lumbar spine would
respond to the movement of the pelvis, which movement is dependent on the
lower limb. Prior to the current study, it was thought that lumbar sagittal motion
would be affected if sagittal lower extremity kinematics varied. Therefore, if
differences were found in ThighROM, KneeROM, or AnkleROM it was hypothesized
LumbarROM would be different, but in the current study when lower extremity
range of motion differences were observed, it did not influence LumbarROM.
Functionally, ROS and TOS were not different in lumbar motion at 0% or 5%
incline throughout the phases of stance. This is relevant because the ROS
design is said to decrease low back pain by kinematic gait modifications (Nigg et
al., 2012). Yet, in the current study, ROS was not different from TOS in sagittal
lumbar kinematics.
It is also worth noting the relevance of the significant differences found in the
current study. It is inconclusive whether the statistically significant differences
actually have clinical influence. Small differences observed in this study with a
small effect size can make it challenging to provide practical clinical translation of
the findings. Statistically speaking, however, the current study adds to the
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understanding of ROS design relative to kinematic and leg acceleration
differences compared to a TOS.
Hamill et al. (2009) emphasized that the knowledge of temporal patterns of
movement are critical in a kinematic analysis because changes in position occur
over time. It was stated previously that normalizing stance and deriving Phase I,
II, and III was necessary for this study because prior to the study it was
anticipated that the duration of stance was contingent upon the treadmill velocity,
shoe and incline conditions. It was observed that each subject’s average stance
phase duration for each condition varied (Table 5). Since stance duration varied
within subjects for different conditions, it was not appropriate to use Perry et al.
(2010) phases of gait. This classic model, established in the literature, operates
under the assumption that stance phase was 62% of a gait cycle, which is
typically true for overground normal walking (Perry et al., 2010). Since the
present study introduced various factors that could influence stance phase
duration, using LR, MSt, and TSt as phase identifiers was not logical. Thus, LR,
MSt, and TSt, were transformed into Phase I, II, and III to be percentages of
normalized stance rather than a normalized gait cycle. The methodology in the
current study accounts for the changes in stance phase duration that were
anticipated and later observed within each participant.
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Table 5.
Subject

Average Percent Stance From Five Consecutive Gait Cycles.

1

ROS 0%
Stance
67%

TOS 0%
Stance
66%

ROS 5%
Stance
73%

TOS 5%
Stance
72%

2

69%

69%

72%

72%

3

70%

70%

71%

71%

4

69%

70%

68%

68%

5

75%

75%

74%

74%

6

73%

74%

72%

73%

7

71%

71%

68%

68%

8

73%

72%

73%

73%

9

69%

69%

69%

69%

10

71%

72%

68%

68%
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66%

64%

65%

64%

12

70%

71%

69%

70%

In the current study, each hypothesis was tested to determine if there was a
difference between mean values for each dependent variable at each phase of
stance. Accordingly, the null hypotheses were retained for footwear and incline
interaction, with the exception of KneeROM, in Phase II. The null hypotheses are
retained for LumbarROM in all phases. For Phase I, the null hypotheses for ALEG,
and KneeROM across incline were rejected, while null hypotheses for ThighROM
and AnkleROM were retained. It was observed in Phase II, that the null
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hypotheses for ALEG and ThighROM across incline were rejected, while the null
hypotheses for KneeROM and AnkleROM were retained. For Phase III, the null
hypotheses for ThighROM, KneeROM, and AnkleROM across incline were rejected
and null hypothesis for ALEG was retained.
The null hypothesis for ThighROM across footwear during Phase I was
rejected, while ALEG, KneeROM, and AnkleROM null hypotheses were retained.
During Phase II, the null hypotheses for ALEG and AnkleROM across footwear were
rejected and null hypotheses for ThighROM and KneeROM were retained. Only the
null hypothesis for AnkleROM across footwear was rejected for Phase II, while
ALEG, ThighROM, and KneeROM null hypotheses were retained.
Conclusions
It is important to perform biomechanical evaluations on different types of
footwear to determine if design elicits a different movement pattern and
maximum vertical acceleration characteristics. Comprehensively, understanding
how ROS and TOS shoe interact with the body, will enable potential consumers
to select an appropriate walking shoe.
Overall, it is important to highlight how the ROS and TOS are different and
similar from one another. In the current study, ROS was not different from TOS in
sagittal lumbar kinematics. Differences between footwear types included
significantly greater ThighROM for TOS compared to ROS during Phase I. Lesser
ALEG for TOS compared to ROS, significantly lesser KneeROM for TOS compared
to ROS at 5% incline only, and significantly greater AnkleROM for TOS compared
to ROS during Phase II were observed. In Phase III, only AnkleROM was
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significantly greater for TOS compared to ROS. Based on the current study
results, it appears that during Phase II, the first half of single leg stance, is where
the majority of differences occur. In addition, the TOS causes greater joint range
of motion and decreased leg acceleration compared to the ROS. However, the
capacity individuals have to default to their existing walking pattern despite the
two different outsole designs might have influenced the observed results. There
were several variables for shoe across the inclines and within the phases of
stance that were not significantly different from each other, supporting this notion
of gait adaptability. It appears that perhaps an individual’s walking pattern has
robust control across many perturbations.
Recommendations
Future research should examine three-dimensional kinematics of the spine
and lower extremity for a holistic explanation of how the ROS and TOS affect
kinematics while walking. Also, it would be beneficial to examine shock
attenuation during walking to understand not only the acceleration at the leg, but
to gain insight into how kinematics or shoe outsole design affects the absorption
of the maximum vertical acceleration energy. Additionally, analyses of a TOS and
ROS at different inclines and declines will continue to provide a comprehensive
understanding of how the two types of footwear compare.

41

APPENDIX I

INFORMED CONSENT
Department of Kinesiology and Nutrition Sciences
TITLE OF STUDY: Biomechanical Comparison of a Rounded Outsole Shoe and Traditional
Outsole Shoe
INVESTIGATORS: J.S. Dufek, Ph.D., S. Horsch, B.S.
CONTACT PHONE NUMBER: J.S. Dufek, Ph.D., 702.895.0702
Purpose of the Study
The purpose of this study is to biomechanically evaluate a rounded outsole shoe to a traditional soled
shoe during level treadmill walking, uphill treadmill walking, and a single leg balance test to compare
characteristics of balance, leg acceleration, and kinematics.
Participants
You are being asked to participate in the study because you are an apparently healthy individual
between the ages of 18-55 years. In addition, you are able to walk for up to 35 minutes, with breaks as
desired. You feel comfortable balancing on your right leg for 30 seconds. Finally, you are not a
pregnant female, have a lower extremity injury or the following medical conditions: ear infections,
medications, neurological disorders, and/or visual disorders.
Procedures
If you volunteer to participate in this study, you will be asked to arrive at the Sports Injury Research
Center at which time we will measure and record your height, weight, age and gender. You will be
asked to walk on a treadmill at a speed selected by you, three times, up to three minutes each time
(warm-up). Next, we will place a small instrument on your leg above your ankle to measure impact
and on your low back, spanning your lumbar spine to measure bending and flexing. We will place
markers on your arms, legs and trunk to track motion. We will ask you to walk on the treadmill in each
of two conditions: 1) rounded outsoled shoe, 2) traditional soled shoe. You will be asked to walk for up
to 3 minutes in each condition at 10% faster than your previously determined preferred speed on a
level grade (0%) and up a slight hill (5%). We will use a video camera to capture your walking motion
from the side during all conditions. A second video camera will record only the motion of your feet
contacting the treadmill. Then you will be asked to complete balancing tests in each of the two
randomized conditions: 1) rounded outsoled shoe, 2) traditional soled shoe. For each test condition,
you will be asked to stand on your right leg only on a balance platform with eyes open for 30 seconds.
Benefits of Participation
There may be no direct benefits to you as a participant in this study. However, information obtained
will help us learn about effects of footwear on mechanics of walking.

Participant Initials _____
1 of 2

Approved by the UNLV IRB. Protocol 1208-4228
Received: 08-28-12 Approved: 09-04-12 Expiration: 09-03-13
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Risks of Participation
There are risks involved in all research studies. This study may include only minimal risks. It is
possible that you might experience delayed muscle soreness or discomfort as a result of your physical
performance. This is a reversible outcome after rest. Every effort will be made to avoid soreness by
asking you to warm up before the experiment and by providing as much rest between conditions as you
desire.
Cost /Compensation
There will be no financial cost to you to participate in this study. The study will take 45 to 75 minutes
of your time. You will not be compensated for your time.
Contact Information
If you have any questions or concerns about the study, you may contact Sarah Horsch at 517.648.8913
or Dr. Janet Dufek at 702.895.0702. For questions regarding the rights of research subjects, any
complaints or comments regarding the manner in which the study is being conducted you may contact
the UNLV Office of Research Integrity – Human Subjects at 702-895-2794 or toll free at 877895-2794 or via email at IRB@unlv.edu.
Voluntary Participation
Your participation in this study is voluntary. You may refuse to participate in this study or in any part
of this study. You may withdraw at any time without prejudice to your relations with the university.
You are encouraged to ask questions about this study at the beginning or any time during the study.
Confidentiality
All information gathered in this study will be kept completely confidential. No reference will be made
in written or oral materials that could link you to this study. All records will be stored in a locked
facility at UNLV for 3 years after completion of the study. After the storage time the information
gathered will be destroyed.
Participant Consent:
I have read the above information and agree to participate in this study. I am at least 18 years of age.
A copy of this form has been given to me.

Signature of Participant

Date

Participant Name (Please Print)
Participant Initials _____
2 of 3

Approved by the UNLV IRB. Protocol 1208-4228
Received: 08-28-12 Approved: 09-04-12 Expiration: 09-03-13
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Audio/Video Taping
This study involves audio/video taping. It is my understanding that I will appear within the field of
view of the camera.

Signature of Participant

Date

Participant Initials _____
3 of 3

Approved by the UNLV IRB. Protocol 1208-4228
Received: 08-28-12 Approved: 09-04-12 Expiration: 09-03-13
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